Exercise increases mRNA for genes involved in mitochondrial biogenesis and oxidative enzyme capacity. However, little is known about how these genes respond to consecutive bouts of prolonged exercise. We examined the eVects of 3 h of intensive cycling performed on three consecutive days on the mRNA associated with mitochondrial biogenesis in trained human subjects. Forty trained cyclists were tested for VO 2max (54.7 § 1.1 ml kg ¡1 min
Introduction
The elevation in mitochondrial capacity in skeletal muscle following endurance exercise training was Wrst described by Holloszy (1967) . These peripheral adaptations following exercise are considered some of the more important responses which allow enhanced endurance performance and resistance to fatigue. Since then, scientists have been trying to better understand the stimuli that result in an upregulation of mitochondrial capacity following exercise training. Recent advances in molecular biology have improved our understanding of underlying stimuli and pathways for this exercise adaptation.
Intracellular messengers during muscle contraction (calcium, ADP, AMP, cAMP, Pi) induce upregulation of several upstream proteins such as AMP-activated protein kinase (AMPK) and peroxisome proliferator receptor gamma coactivator-1 alpha (PGC-1 ) (Civitarese et al. 2007 (Civitarese et al. , 2005 Freyssenet 2007 ). PGC-1 lies upstream of the nuclear respiratory factors (NRF) 1 and 2 and mitochondrial transcription factor A (TFAM) which regulates both the genomic and mitochondrial gene expression involved in mitochondrial adaptation (Civitarese et al. 2007; Hood et al. 2006; Wright et al. 2007 ). PGC-1 potency seems to be further controlled in part by p38 mitogen activated protein kinase (MAPK) (Ikeda et al. 2008; Wright et al. 2007) and sirtuin 1 (Sirt-1). Sirt-1 is a NAD + sensing protein that deacetylates PGC-1 thus improving its ability to activate downstream transcription of genes involved in oxidative metabolism (Nemoto et al. 2005) . The role of Sirt-1 during exercise, particularly in humans, has yet to be convincingly described. Sirt-1 expression decreases with aging, and this is attenuated by exercise in heart, adipose tissue and skeletal muscle in murine models (Canto et al. 2009; Ferrara et al. 2008; Suwa et al. 2008) . Recent data indicates that AMPK activation enhances Sirt-1 activity and its targets, such as PGC-1 (Canto et al. 2009 ). Downstream targets of PGC-1 include both genomic and mitochondrial genes involved in oxidative metabolism such as cytochrome c and citrate synthase (Hood 2001; Wright et al. 2007) .
Acute exercise increases transcription of genes, and upregulation of protein content involved in mitochondrial biogenesis. An increase in PGC-1 mRNA (Goto et al. 2000) and protein (Baar et al. 2002; Wright et al. 2007 ) has been demonstrated following both an acute bout and several days of swimming in rats. In humans, 6 weeks of endurance training resulted in increases in PGC-1 mRNA and protein in all muscle Wber types but most dramatically in type IIa (Russell et al. 2003) . In a novel single leg extensor exercise, it was found that both acute and chronic exercise result in a transient increase in PGC-1 mRNA (Pilegaard et al. 2003) . Miura et al. (2007) showed that PGC-1 mRNA increased following treadmill running in mice and that this increase was attenuated by a 2 adrenergic receptor antagonist. Conversely, physical inactivity results in downregulation of PGC-1 mRNA (Timmons et al. 2006) . Despite this evidence, there remains no data on the eVect of consecutive bouts of exercise on mitochondrial biogenesis markers in humans.
Previous studies have examined the eVects of a single bout of exercise on mitochondrial biogenesis, however, to our knowledge there have been no studies that have examined the eVects of consecutive days of exercise on markers of mitochondrial biogenesis in trained subjects. Therefore, the purpose of this investigation is to determine how genes associated with mitochondrial biogenesis respond to several consecutive bouts of intensive exercise in trained subjects. We hypothesized that despite being trained, the exercise protocol would be suYciently rigorous to cause an increase in the mRNA of upstream markers of mitochondrial biogenesis (PGC-1 and Sirt-1) and downstream targets (cytochrome c and citrate synthase).
Materials and methods

Subjects
Forty trained male cyclists were recruited as experimental subjects through local and collegiate cycling clubs. Written informed consent was obtained from each subject. These experimental procedures were approved by the institutional review board of Appalachian State University (ASU).
Research design
Subjects reported to the ASU Human Performance Lab for orientation and measurement of body composition and cardiorespiratory Wtness. Body composition analysis was performed by hydrostatic weighing in a custom built, stainless steel tank with three load cells interfaced to a computer (Exertech Fitness Equipment, Dresbach, MN). Body fat was subsequently calculated from the Siri equation using predicted residual volume (Siri 1961) . VO 2max and maximum power were determined using a graded maximal protocol (25 watt increase every two minutes starting at 150 watts) with the subjects riding their own bicycles on CompuTrainer™ Pro Model 8001 trainers (RacerMate, Seattle, WA). Oxygen uptake and metabolic parameters were measured using the MedGraphics CPX metabolic system (MedGraphics Corporation, St. Paul, MN). Heart rate was measured using a chest heart rate monitor (Polar Electro Inc., Woodbury, NY). Maximum workload was extrapolated from the amount of time completed during the last stage. Basic demographic and training data were obtained through a questionnaire.
Subjects avoided the use of large-dose vitamin/mineral supplements (above 100% of recommended dietary allowances), medications, nutritional supplements, ergogenic aids, and herbs during the testing period. During orientation, a dietitian instructed the subjects to follow a diet moderate in carbohydrate during the 3 days prior to and during the 3-day test sessions and record intake in a food record. The food records were analyzed using a computerized dietary assessment program (Food Processor, ESHA Research, Salem, OR) .
Subjects came to the lab for three consecutive days and cycled for 3 h at »57% Watts max . Subjects reported to the lab at 2:00 pm not having ingested energy in any form after 12:30 pm. Muscle biopsies were collected from the vastus lateralis 15 min pre-ride and immediately post-ride on the Wrst and third day. Subjects ingested only water 15-30 min pre-exercise (0.5-1.0 L) and during the 3-h cycling bouts
No other beverages or food were ingested during the test sessions.
During the exercise trials, the subjects' own bicycles were Wtted to laboratory CompuTrainer™ Pro Model 8001 trainers (RacerMate, Seattle, WA) with the exercise load set at 57% maximal watts following the manufacturerrecommended calibration. Body weight was recorded preand post-exercise trials. Metabolic measurements were made every 30 min of cycling using the MedGraphics CPX metabolic system (MedGraphics Corporation, St. Paul, MN). Workload, average cadence, and overall rating of perceived exertion (RPE) (Borg 1982) were also collected every 30 min. Subjects were encouraged to maintain a self selected cadence. In rare instances, subjects were unable to maintain consistent cadence, or if RPE rose to greater than 18, then workload was decreased in order for the rider to complete the trial. Previous reports suggest that cadence can decrease by more than 20 rev min ¡1 with minimal (<2%) eVects on eYciency (Moseley et al. 2004 ). Workload was not adjusted within 10 min of metabolic measurements to ensure steady state during those measurements.
Muscle biopsies
Muscle biopsies were obtained from the vastus lateralis before and after the Wrst and third test rides. The post-test biopsy was obtained »2 cm proximal from the pre-test biopsy site. For the third 3-h ride, samples were collected from the opposite leg, with leg order randomly determined. Local anesthesia (2% xylocaine) was injected subcutaneously and intramuscularly. Following a small incision (»0.5 cm), a muscle biopsy sample (»100 mg) was obtained using the percutaneous needle biopsy procedure modiWed to include suction (Evans et al. 1982) . Muscle was trimmed of connective tissue and fat and immediately frozen in liquid nitrogen. Samples were stored at ¡80°C until subsequent analysis.
Muscle glycogen analysis
Muscle samples (»10 mg) were homogenized in 0.3 M perchloric acid and glycogen digested by the amyloglucosidase method (Passonneau and Lauderdale 1974) . The resulting glucose moieties were quantiWed spectrophotometrically (Genesys 5, Thermo Spectronic, Rochester, NY) in the presence of hexokinase and glucose-6-phosphate dehydrogenase.
Muscle RNA isolation and cDNA synthesis Procedures for RNA isolation have been described previously (Nieman et al. 2005) . BrieXy, skeletal muscle tissue was homogenized under liquid nitrogen using a polytron, and total RNA was extracted using the guanidine thiocyanate method with TRIzol Reagent (Life Technologies, GibcoBRL). The extracted RNA (2.5 l of sample) was dissolved in diethylpyrocarbonate-treated water and quantiWed spectrophotometrically at 260-nm wavelength. RNA was reverse transcribed into cDNA in a 50 l reaction volume containing 19.25 l RNA (1.5 g) in RNase-free water, 5 l 10£ RT buVer, 11 l 25 mM MgCl 2 , 10 l deoxyNTPs mixture, 2.5 l random hexamers, 1 l RNase inhibitor, and 1.25 l multiscribe reverse transcriptase (50 U/ l). Reverse transcription was performed at 25°C for 10 min, 37°C for 60 min, and 95°C for 5 min, followed by quick chilling on ice and stored at ¡20°C until subsequent ampliWcation.
Quantitative real-time PCR analysis
Quantitative real-time polymerase chain reaction (qPCR) analysis was done as per manufacturer's instructions using TaqMan ® Gene Expression Assays (Applied Biosystems, Foster City, CA). DNA ampliWcation was carried out in 12.5 l Taqman Universal PCR Master Mix (AmpliTaq Gold DNA Polymerase, Passive Reference 1, BuVer, dNTPs, AmpErase UNG), 1 l cDNA, 9 l RNase-free water, and 1.25 l 18S primer (VIC) (Endogenous Control (VIC ® /MGB Probe, catalog number 4352341E)) and 1.25 l primer (FAM) (Target Gene (catalog numbers: PGC-1 : Hs00173304_m1, SIRT-1: Hs01009006_m1, cytochrome c: Hs01588974_g1 and citrate synthase: Hs00830726_sH) in a Wnal volume of 25 l/well. Human control RNA (calibrator RNA) was also used and served as a calibrator for each plate. Samples were loaded in a MicroAmp 96-well reaction plate in duplicate. Plates were run using ABI Sequence Detection System. After 2 min at 50°C and 10 min at 95°C, plates were coampliWed by 40 repeated cycles of which one cycle consisted of 15 s denaturing step at 95°C and 1 min annealing/extending step at 60°C. Data was analyzed by ABI software using the CT, cycle threshold, which is the value calculated and based on the time (measured by PCR cycle number) at which the reporter Xuorescent emission increases beyond a threshold level (based on the background Xuorescence of the system), and it reXects the cycle number at which the cDNA ampliWcation is Wrst detected.
Calculations for relative quantiWcation
QuantiWcation of mRNA content for muscle cytochrome c, PGC-1 , citrate synthase, and sirt-1 was calculated using the CT method as described by Livak and Schmittgen (2001) . This method uses a single sample, the calibrator sample, for comparison of every unknown sample's mRNA. This method of analysis and quantiWcation has been shown to give similar results as the standard curve method. BrieXy, CT (CT(FAM) -CT(VIC)) was calculated for each sample and calibrator.
CT ( CT (calibrator) -CT(sample)) was then calculated for each sample and relative quantiWcation was calculated as 2 CT. Initial exclusion criteria consisted of FAM CT¸40 and VIC CT¸23.
Statistical analysis
Data are presented as mean § SEM. Comparisons between days one and three of exercise on delta glycogen were performed with student's t test. The eVect of time and day was determined using a 2 £ 2 (day £ time) repeated measures ANOVA (SPSS version 14.0, Chicago, IL) for muscle parameters. Correlations were run using a Pearson Product Moment correlation (SPSS version 14.0, Chicago, IL). Statistical signiWcance was set at P · 0.05.
Results
Subject characteristics are presented in Table 1 . Although considered trained (Jeukendrup et al. 2000) , these subjects were not elite. The subjects averaged 1.5 § 0.2 h during their regular training bouts, therefore the 9 h over the three consecutive days doubled their normal training load. Diet analysis demonstrated that macronutrient intake was 56.6 § 2.5% carbohydrate, 16.2 § 0.8% protein, and 27.2 § 1.8% fat.
All subjects successfully completed the exercise trials without signiWcant weight loss. Average weight loss over the 3 days was 0.66 § 0.12 kg. Prescribed intensity (57% of watts max ) was maintained by 34 of 40 subjects on day one, 38 of 40 on day two, and 38 of 40 on day three and averaged 179.4 § 3.0 watts. The maximum wattage reduction in order to allow the subjects to Wnish the trial was 20 watts on day one and 10 watts on days two and three. Thus there was not a signiWcant eVect of time on power output during the trials. However, there was a signiWcant increase over the 3 h trials in oxygen consumption and RPE (P < 0.001, data not shown). Heart rate (HR) increased during the 3 h trials (P < 0.001) but was not aVected by day (data not shown). RER decreased over time (P < 0.001) though a day eVect was not observed (P > 0.05, data not shown).
Muscle glycogen concentration from pre to post on days one and three is shown in Fig. 1 . There was a signiWcant eVect of pre-to post-exercise (P < 0.001) and day (P = 0.04) on muscle glycogen. PGC-1 mRNA increased following exercise (P < 0.001) on both days but was not signiWcantly diVerent from day one to three (Fig. 2) . Sirt-1 mRNA was increased post-exercise (P = 0.005) but was not diVerent between day one and three (Fig. 3) . Cytochrome c mRNA (Fig. 4) increased as the result of exercise (P = 0.006) and also demonstrated a signiWcant day eVect (P < 0.001). Citrate synthase mRNA was signiWcantly increased from pre-to post-exercise (P = 0.03) and was diVerent from day one to three (P = 0.01) (Fig. 5) . The mRNA endogenous control (18S ribosomal RNA) was not aVected by acute exercise or time.
SigniWcant correlations were found between the pre-post changes in PGC-1 mRNA on day 1 and the changes in cytochrome c mRNA on day 1 (r = 0.73, p < 0.001) and sirt-1 mRNA on day 1 (r = 0.59, p < 0.001). On day 3, changes in PGC-1 mRNA also related to changes in cytochrome c mRNA (r = 0.65, p < 0.001), changes in citrate synthase mRNA (r = 0.71, p < 0.001), and changes in sirt-1 mRNA (r = 0.62, p < 0.001). Pre to post exercise changes in these markers on day 1 did not correlate to changes on day 3, indicating a speciWcity of these relationships. Pre, post and changes in glycogen on days 1 and 3 were not correlated with pre-post changes in any of the mRNA markers analyzed. 
Discussion
Exercise increases expression of several genes involved in mitochondrial biogenesis and oxidative enzyme capacity (Civitarese et al. 2007; Hood et al. 2006; Wright et al. 2007 ). However, little is known about how these genes respond to several consecutive bouts of intensive exercise in humans. The primary purpose of this study was to examine the eVects of 3 h of intensive cycling performed on three consecutive days on mRNA associated with mitochondrial biogenesis in trained cyclists. The primary result from this investigation is that cycling for three consecutive days resulted in both acute and chronic stimuli for mRNA associated with mitochondrial biogenesis. Three days of cycling caused acute increases in mRNA of the upstream elements PGC-1 and Sirt-1 and chronic increases in the downstream targets of cytochrome c and citrate synthase. These data contribute to the understanding of the exercise stimulus regulating mRNA involved in mitochondrial biogenesis. To our knowledge this is the Wrst study to demonstrate an upregulation of the Sirt-1 gene following exercise in humans. Also three consecutive bouts of exercise generated cumulative increases in cytochrome c and citrate synthase mRNA, whereas increases in PGC-1 and Sirt-1 mRNA are speciWc to the acute exercise stimulus and appear to not be cumulative. Mitochondrial biogenesis is stimulated by a number of factors. Following exercise, the shared upstream proteins appear to be AMPK, PGC-1 and Sirt-1 (Canto et al. 2009; Freyssenet 2007; Hood 2001; Hood et al. 2006; Norrbom et al. 2004; Ojuka 2004; Pilegaard et al. 2003; Winder et al. 2006; Wright 2007) . We have shown here a transient increase in PGC-1 and Sirt-1 mRNA as the result of three consecutive days of 3 h of cycling in trained cyclists. This is consistent with previous reports that PGC-1 is increased following muscle contractions and whole body exercise (Akimoto et al. 2005; Baar et al. 2002; Goto et al. 2000; Miura et al. 2007; Norrbom et al. 2004; Pilegaard et al. 2003; Russell et al. 2003) . Akimoto et al. (2005) reported a transient increase in PGC-1 following voluntary wheel running in mice that returned to baseline 6 h post-exercise. Rat triceps muscle exhibited elevated PGC-1 mRNA up to 18 h following swimming (Baar et al. 2002) . In humans, PGC-1 mRNA was elevated at 2 and 6 h following knee extensor or cycling exercise but had returned to baseline 24 h post-exercise (Mathai et al. 2008; Pilegaard et al. 2003) . Together with the current data, PGC-1 mRNA appears to be an acute and transient response. The mRNA of this protein does not appear to be aVected by previous bouts of exercise, since the proWles from the Wrst and third day appear identical in the current study. This is supported by research which reported no eVect of multiple daily bouts of exercise on expression of the PGC-1 family ( , , and PRC) following 3 h of knee extensor exercise (Mortensen et al. 2007 ). This group did not, however, report mRNA content of proteins downstream of these transcriptional coactivators. What remains to be determined is whether repeated elevations in PGC-1 mRNA from frequent bouts of exercise ampliWes, in a summative or exponential manner, the downstream signals for metabolic gene expression. Our data indicate that downstream targets such as cytochrome c and citrate synthase mRNA remain elevated during consecutive bouts of exercise. It has long been known that endurance exercise increases oxidative enzyme capacity such as cytochrome c and citrate synthase activity (Holloszy 1967) . Recent work by Wright et al. (2007) has advanced understanding of the cascade of events from mRNA upregulation to protein expression for mitochondrial biogenesis. They propose a sequence of events that involves two phases of mitochondrial adaptation. Exercise Wrst stimulates p38 MAPK to phosphorylate existing cytosolic PGC-1 protein which progresses into the nucleus of the muscle cell to upregulate mitochondrial proteins, including its own gene expression. The resulting increase in PGC-1 mRNA then drives the second phase of adaptation by sustaining the stimuli for expression of mitochondrial proteins. Even though we do not have a measure of PGC-1 protein, our data support this proposal in that we observed an acute and chronic elevation in cytochrome c and citrate synthase mRNA. The acute increase may have been stimulated initially by endogenous PGC-1 protein, whereas the chronic elevation may have been the result of the upregulation of PGC-1 mRNA and subsequent protein expression from the Wrst day of exercise.
Factors inXuencing Sirt-1 mRNA are less understood. This 'longevity gene' is thought to be an important factor in health and aging (Bordone et al. 2007; Bordone and Guarente 2005) . Overexpression of this gene mimics many of the beneWcial eVects of calorie restriction (Bordone et al. 2007) . We have shown here that Sirt-1 mRNA increased acutely following 3 h of cycling. Sirt-1 has been shown to regulate the activity of PGC-1 by deacetylation (Nemoto et al. 2005) , but no data to our knowledge have shown the Sirt-1 mRNA expression response to exercise in humans. Caloric restriction increases Sirt-1 and PGC-1 mRNA and mitochondrial function in humans (Civitarese et al. 2007 ). Logically, exercise would disrupt the myocyte NAD+/ NADH ratio, to which Sirt-1 is sensitive, to a greater extent compared to caloric restriction. Indeed, Sirt-1 mediated deacetylation of PGC-1 is increased by AMPK activation in skeletal muscle following exercise in mice (Canto et al. 2009 ). Likewise, exercise attenuates the age related loss of Sirt-1 protein in the heart muscle of rats (Ferrara et al. 2008 ). More speciWcally, Suwa et al. (2008) showed that acute and chronic treadmill running resulted in increases in Sirt-1 and PGC-1 protein in the soleus of rats. They suggest that because it required high intensity training to increase Sirt-1, but not PGC-1 protein in plantaris muscle, that Sirt-1 may be more important in the skeletal muscle adaptations to exercise. Our data, combined with previous reports of exercise stimulating the phosphorylation and deacetylation of PGC-1 through p38 MAPK (Ikeda et al. 2008; Wright et al. 2007) , suggest that a variety of stimuli are capable of increasing mitochondrial biogenesis and function. Whether Sirt-1 deacetylation, or p38 MAPK phosphorylation, or the combination of the two, has the greatest inXuence on the activity of PGC-1 remains to be seen.
Increases in mRNA do not always lead to increases in protein as there are many points of regulation of protein expression following transcription. The amount of time necessary for mRNA to result in increased functional protein is unclear and may vary between genes. Since we sampled muscle immediately post-exercise and after the 3 days of exercise, this would unlikely allow enough time for protein expression to occur equally in both upstream and downstream elements. Baar et al. (2002) did show that swimming rats resulted in both PGC-1 mRNA and protein elevation 18 h post-exercise. Mathai et al. (2008) provided a time course of PGC-1 protein expression. They demonstrated that PGC-1 mRNA was elevated immediately following cycling to exhaustion and at 2 h post exercise. PGC-1 protein was increased post exercise and at 2 and 24 h, and this protein expression was dependent on glycogen availability. They did not, however, measure any of the PGC-1 targets involved in oxidative metabolism. It is consistent, however, with the premise that PGC-1 may be at least partially regulated by Sirt-1, which is activated by AMPK (Canto et al. 2009 ). The time course from upstream elements such as PGC-1 mRNA to mitochondrial oxidative protein expression is less clear. Wright et al. (2007) investigated this relationship and found that activation of endogenous PGC-1 protein is capable of upregulation of cytochrome c mRNA before increases in PGC-1 protein content. Whether this is through phosphorylation by p38 MAPK or some allosteric regulation remains to be seen. It has been suggested that it may take days to weeks for the exercise stimulation of gene transcription to result in a complete upregulation in mitochondrial oxidative protein expression and assembly (Hood 2001) . Further work is needed to elucidate the mechanism behind this cascade of events.
Several components of the design of this experiment may have ampliWed the mitochondrial marker response. Although the subjects were trained, the exercise in this experiment (3 h/day) represented a doubling of their normal training load (1.5 h/day). During the 3 h trials, subjects did not ingest exogenous carbohydrate. Because of this subjects often had trouble Wnishing the trials despite the moderate intensity. It has previously been shown that exogenous carbohydrate may blunt the upregulation of oxidative enzyme expression during aerobic exercise (Akerstrom et al. 2006; Civitarese et al. 2005; Cluberton et al. 2005) . This may be a result of reduced PGC-1 protein expression upon carbohydrate ingestion (Mathai et al. 2008) . It remains unclear, however, whether this is due to attenuated glycogen depletion, or a reduction in 'metabolic stress'. Previous evidence supports that greater muscle glycogen depletion leads to greater enhancement in oxidative phosphorylation enzymes, mitochondrial biogenesis, and endurance performance (Cluberton et al. 2005; Hansen et al. 2005) . AMPK activation is enhanced with greater amounts of glycogen depletion, and this may lead to ampliWcation of its downstream targets including Sirt-1 and PGC-1 (Canto et al. 2009; Steinberg et al. 2006) . However, it is generally accepted that exogenous carbohydrate during continuous endurance exercise does not signiWcantly spare muscle glycogen (Coyle et al. 1986 ), but leads to greater performance through other mechanisms (Febbraio et al. 2000 ). In the current study, we demonstrated strong relationships between changes in PGC-1 and downstream oxidative enzyme transcription, but there was no relationship between pre, post or delta glycogen and changes in mitochondrial biogenesis mRNA markers. Muscle IL-6 as an inXammatory marker of metabolic stress has also been shown to be attenuated with exogenous carbohydrate intake during exercise (Pedersen et al. 2004 ). The precise relationship between glycogen depletion, AMPK activation, exogenous carbohydrate intake, and upregulation of inXammatory markers in the stimuli of mitochondrial biogenesis requires more investigation.
The current study did not include a measure of endurance performance. However, changes in oxidative enzyme activity such as cytochrome c and citrate synthase are typically associated with greater aerobic capacity. Compelling evidence has shown that there may be greater stimuli for the development of oxidative capacity by training twice a day compared to once a day (Hansen et al. 2005) . Thus the 'train low, race high' theory is that training on low muscle glycogen results in greater stimuli for enhancement of oxidative enzyme activity, mitochondrial biogenesis, and endurance performance (Hansen et al. 2005) . But the association between enhanced oxidative enzyme activity and endurance performance may not be as tight as logic would allow. A recent investigation found elevated citrate synthase, cytochrome c oxidase, and -hydroxyacyl-CoA dehydrogenase activities following exercise done twice a day every other day compared to training every day in trained cyclists (Yeo et al. 2008) . Despite this, they did not show an increase in cycling performance. Anecdotally, many of the subjects from the current study reported outstanding individual performances in the days and weeks following the 3 days of exhaustive continuous steady state exercise in the absence of exogenous carbohydrate intake. The explanations for why enhanced oxidative enzyme activities may or may not result in improved aerobic performance may have to do with timing of measurements, training status of subjects, or the selection of the performance trial.
These data show that exhaustive cycling performed on three consecutive days resulted in both acute and chronic stimuli for mRNA associated with mitochondrial biogenesis in already trained subjects. Three hours of exhaustive exercise for three consecutive days caused a transient elevation in PGC-1 and Sirt-1 mRNA and a cumulative increase in mRNA for the downstream genes of cytochrome c and citrate synthase. This is the Wrst study to illustrate an increase in Sirt-1 mRNA with acute and chronic exercise. This suggests that Sirt-1 is responsive to exercise stimuli and is involved in the adaptations to endurance training. These data contribute to the understanding of mRNA expression during both acute and successive bouts of prolonged exercise.
